Abstract-In 1991, a novel robot, MIT-MANUS, was introduced to study the potential that robots might assist in and quantify the neuro-rehabilitation of motor function. MIT-MANUS proved an excellent tool for shoulder and elbow rehabilitation in stroke patients, showing in clinical trials a reduction of impairment in movements confined to the exercised joints. This successful proof of principle as to additional targeted and intensive movement treatment prompted a test of robot training examining other limb segments. This paper focuses on a robot for wrist rehabilitation designed to provide three rotational degrees-of-freedom. The first clinical trial of the device will enroll 200 stroke survivors. Ultimately 160 stroke survivors will train with both the proximal shoulder and elbow MIT-MANUS robot, as well as with the novel distal wrist robot, in addition to 40 stroke survivor controls. So far 52 stroke patients have completed the robot training (ongoing protocol). Here, we report on the initial results on 36 of these volunteers. These results demonstrate that further improvement should be expected by adding additional training to other limb segments.
The damage to the central nervous system (CNS) caused by stroke can lead to impaired motor control on the affected side (hemiparesis). The natural history of poststroke motor recovery reveals a dynamic process traditionally described as a period of flaccidity followed by changes including hyperactive stretch reflexes, increased resistance to passive movement due to changes in the passive mechanical properties of muscle (spasticity), hypo-extensibility of the muscle-tendon contracture, as well as the frequent development of synkinesis or associated movement. This synkinesis is characterized by involuntary, composite movement patterns that accompany an intended motor action [2] . Complete motor recovery, when it occurs, will unfold rapidly. However, the more commonly observed partial recovery unfolds over longer periods that range from 2 to 11 weeks [3] , [4] .
Despite some promising developments in acute stroke treatment [5] , most survivors remain burdened with significant and permanent residual physical, cognitive, and psychological impairments. Although interdisciplinary rehabilitation programs focus on impairment as well as disability, shorter inpatient hospitalizations shift program emphases toward compensatory techniques that facilitate functional abilities [6] . Recent data suggest that hasty compensation for impaired motor skills engenders a pattern of disuse that can mute the potential for future improvements in motor ability or function [7] [8] [9] [10] . Current studies take a balanced approach and, while focusing on impairment and disability outcomes, have used task specific training techniques to influence stroke recovery [11] [12] [13] .
Our treatment focus has been on hastening and managing impairment reduction via movement therapy [14] [15] [16] [17] . The human brain is capable of self-reorganization, or plasticity. Afferent and efferent limb stimulation can lead to synaptogenesis and the re-establishment of the neural pathways that control volitional movement, potentially leading to impairment reduction, added functional capabilities, and reduced disabilities.
Conventional therapy generally involves one-on-one interaction with a therapist who assists and encourages the patient through repetitive exercises. The repetitive nature of therapy makes it amenable to administration by properly designed robots. A robotic therapist can act as a modern, effective, and novel tool that delivers a reproducible motor learning experience, quantitatively monitors and adapts to patients' progress, and ensures consistency in planning a therapy program. MIT-MANUS, developed at the Newman Laboratory for Biomechanics and Human Rehabilitation at The Massachusetts Institute of Technology (MIT), Cambridge, was developed as a test-platform for the study of human motor control and recovery as well as a tool for the administration of physical or occupational therapy. It is a planar, two-degree-of-freedom robot providing exercises to the upper extremity as the patient completes a series of "video games" that involve positioning the robot end effector. The design of this robot, completed in 1991, is based on a five-bar, parallel drive selective compliance assembly robot arm (SCARA). By minimizing the endpoint impedance of the robot, the feel of the robot can be modulated through control, allowing safe patient interaction and without excessively interfering with the patient's natural arm dynamics. The controller sets up a virtual spring and damper between the task-defined, time-dependent equilibrium point and the position of the end effector [18] .
Clinical trials involving MIT-MANUS (see Fig. 1 ) and its commercial version have shown that robot-aided neuro-rehabilitation has a positive impact, reducing impairment in both inpatients and outpatients [19] [20] [21] [22] [23] [24] [25] [26] . The results of these studies, as measured by standard clinical instruments, showed statistically significant improvement in impairment at the shoulder and elbow (the focus of the exercise routines), but no change at the wrist and fingers (which were not exercised). This result suggests a local effect with limited generalization of the benefits to the unexercised limb or muscle groups. According to the notion of task specificity, improvements due to rehabilitation are focused on a targeted limb, so that in order for a patient to relearn a given task, each required limb segment for that task must be rehabilitated. If this is true, the shoulder-and-elbow robotic-assistance should be expanded to exercise different groups of muscles and limb segments. New modules have, therefore, been designed for rehabilitation of the wrist, hand, and fingers, ankle, and pelvis. This paper focuses on the design and characterization of a wrist robot, as well as on the initial clinical results of training with the shoulder-and-elbow MIT-MANUS, as well with the robot for wrist rehabilitation. The proximal shoulder and elbow play a critical role in the transport of the arm. Wrist and forearm articulation play an important role in enhancing the usefulness of the hand by allowing it to take a variety of orientations with respect to the elbow (poses), which are critical for object manipulation. 12 1 In addition to the shoulder-and-elbow robot and wrist robot, we have recently completed a novel hand robot and are presently in planning phase of the whole-arm therapy trial [27] . 2 There are a few other groups developing wrist robotic modules [28] , [29] . 
II. DESCRIPTION OF THE WRIST ROBOT
The wrist robot has three active degrees-of-freedom (DOF): abduction-adduction; flexion-extension; pronation-supination. This unique 3-DOF robot can be operated standalone (see Fig. 2 ) or mounted at the tip of our companion planar robot, MIT-MANUS, allowing five active DOF (plus two passive DOF) at the shoulder, elbow, and wrist (see Fig. 3 ). 3 The two robots also allow us to verify whether outcomes are affected by the training sequence to different limb segments; in particular, the proximal versus distal training, which is the focus of the NICHD-NCMRR sponsored research. Proximal limb segments are responsible for limb transport, while the distal limb segments are responsible for object manipulation. There is evidence that the CNS might act through different pathways on different limb segments. The CNS appears to act on shoulder and elbow segments via the rubrospinal pathway [30] , [31] , while it acts on the more distal wrist and hand via the pyramidal tracts. Conventional therapy focuses on training of the proximal limb segments first, since the process of neurorecovery typically progresses from proximal to distal limb segments. Owing to this sequence, however, a possible opportunity to harness synapses for distal limb segment control may be diminished or even lost. If so, conventional therapy may be forgoing a significant opportunity in the competition for the brain's precious "real-estate."
It is of paramount importance that a robotic rehab wrist device be easy for the therapist and the patient to use. To prevent daily use from becoming a chore for the patient and the therapist, only a minimum amount of time and effort must be required to attach and remove the patient from the wrist device. The target setup time was estimated at 2 min maximum. At the time of completion of MIT-MANUS in 1991, we also completed an initial version of a wrist module [18] . While this initial wrist module could achieve the design targets, it suffered from a significant handicap: it took too long to secure the hand of stroke patients onto the device. The patient's hand had to be maneuvered through an opening and it proved to be particularly slow and tedious to position the hand of a patient with hypertonia. Hence, the device was deemed inadequate to treat the stroke population.
Another key aspect is low endpoint impedance. That is, when a patient attempts to backdrive the robot, the effective friction, inertia, and stiffness should be low enough to feel as if no robot were connected. In this case, the robot hardware is termed "backdrivable." The maximum reflected inertia for backdriveability of the device for each wrist degree of freedom was estimated to be to . The maximum reflected friction for backdriveability was estimated to be 0.29 Nm for pronation/supination and 0.075 Nm for flexion/extension and abduction/adduction. The ranges of motion (ROM) matches the ROM of a normal wrist in everyday tasks, i.e., flexion/extension , abduction/adduction , pronation/supination . The torque output from the device must be capable of lifting the patient's hand against gravity, accelerating the inertia, and overcoming any tone. Maximum torque for flexion/extension and abduction/adduction is 1.43 Nm and for pronation/supination 1.85 Nm. Achievable impedances range from 0 to 60 Nm/rad and 0 to 1 Nm/rad/s for pronation/supination and 0 to 40 Nm/rad and 0 to 0.45 Nm/rad/s for flexion/extension and abduction/adduction. 4 A summary of the design choices has been previously reported elsewhere [32] [33] [34] [35] [36] [37] [38] . Fig. 2 shows the robot during clinical trials. Even for severe spasticity, it takes less than 2 min for setup. The patient's fist must be loosened slightly and the hand is dropped in place. The two side-mounted actuators are connected to a differential mechanism, which allows for flexion/extension, abduction/adduction movements and their combinations. Joint torque production on the differential is a result of the proper combination of motor torques. Each motor contributes equal components of vertical and horizontal motion of the handle when actuated. When the two motors cooperate, motion is purely abduction/adduction; when the motion generated from these two motors opposes each other, the resulting motion is flexion/extension. The entire differential mechanism is mounted onto a curved rack so that it can be actuated from beneath the forearm, enabling pronation and supination movements. This qualitative description can be summarized by the equations [33] (1) (2) (3) (4) where and are the longitude and latitude of the robot arm, and are the rotation of the right and left differential end gears referenced to a neutral handle position, 5 and , , , and are the corresponding torques. During therapy, the patient's wrist is positioned over the spider gear, 6 so that is equal to the angle of wrist flexion and extension. Abduction/adduction is accommodated through the handle kinematics; the handle is attached to the robot arm through a linear ball slide guide which can pivot. The entire handle mechanism can pivot about one orthogonal axis. This results in a one-to-one mapping between and wrist abduction/adduction, with the precise relationship determined by the geometry of the patient. Here, we present the characterization of the prototype robot's subsystems and achievable impedances.
A. Actuator Characterization
The pronation/supination (PS) motor is a MAXON motor, model #136201. Product specification sheets list the maximum continuous torque of this motor at 176 mNm and the motor constant at 78.5 mNm/A. The differential right and left motors (ADR and ADL, respectively) are each MAXON model #118899 motors with a published maximum continuous torque of 101.8 mNm and torque constant of 145 mNm/A. Static torque tests were performed by inputting a slow sinusoidal voltage and measuring the torque with an ATI Gamma FT US 30/100 force transducer. The resulting positional dependence of the torque constant is plotted in Fig. 4 for pronation/supination; the motor has no discernable torque ripple. The measured torque constant is less than the published value, and similar results were observed for the motors employed to drive the differential. Static and dynamic friction values were investigated using ramp tests. Testing the ramp response over many velocities produced a number of plots with distinct loci of points of interest. Points near low velocities gave a good estimate of the static friction in the motor, while outer points at higher speeds provided estimates of the dynamic friction. Our experimental results suggested that outside the low speed region, friction is predominantly characteristic of Coulomb friction.
To determine inertia and Coulomb friction we employed step tests. The natural frequency was used to estimate the rotor inertia, and the linear decay of the step test was used to estimate Coulomb friction (see Table I for results). In this table, is a friction torque, with the subscript standing for static friction, the subscript standing for Coulomb friction, the superscript representing movement in the positive direction, and the superscript representing movement in the negative direction. The friction values given are averages.
Stability tests were carried out on the free rotors (see Fig. 5 ), as well as on the assembled robot at the end-effector (results discussed later). The stability test involved prescribing a stiffness and damping to the axis and running a step test on the rotor. In this free rotor configuration, a simple second-order system with a few nonlinearities can model well the observed behavior (namely: coulomb friction, discretization, and actuator saturation) [33] .
B. System Characterization
We employed the step and ramp tests to characterize the assembled wrist robot. Here, we focus on determining axis inertia, Fig. 5 . PS motor stability map (the region below the curve is considered stable). Note that the stability conditions apply only to the conditions tested (step size of 50 ). The system behaves differently to different sized inputs (a trademark of a nonlinear system). The values of stiffness and damping shown are for the free motor with the pinion and do not represent the stability limits of the assembled system.
TABLE II SUMMARY OF ROBOT PROPERTIES
static and coulomb friction, and gravity terms. Table II summarizes robot measured properties when actuating one DOF at a time: abduction/adduction (AD), flexion/extension (FL), and pronation/supination (PS). The last column of this table presents an estimate of the gravity term. For the AD axis, this gravity compensation is assumed to be constant, while for the PS axis, the table figure is multiplied by . Testing for endpoint stability involved exciting the system via PD controlled input steps in position. Stability tests and maps are shown in Figs. 6 and 7. The line on each map indicates the maximum perceivable stiffness, which was estimated as the maximum actuator torque divided by the just noticeable difference (JND) for change in position for the wrist and forearm rotations. We used a JND value of 2 [39] . If the system was stable for a stiffness above this line at a given damping, it was considered stable at "any" stiffness at that damping. The threshold acts as a marker for a haptic perception of "infinite" stiffness.
From this testing, it is apparent that the mechanism is dominated by the effects of gravity and backlash in the gear train.
III. ONGOING TRIAL-PROXIMAL VERSUS DISTAL TRAINING
Robotic wrist therapy is administered through interactive video games comparable to those used with MIT-MANUS. The 3-DOF provided by the wrist robot are mapped into a two-dimensional graphical display on a monitor screen. To compare the effects of specifically training proximal versus distal limb segments, we have begun a study in which we recruit naive persons with chronic impairments after stroke (i.e., never trained on the robot before). Outpatients are included in the study if they meet the following criteria: the subject 1) has a first single focal unilateral lesion with diagnosis verified by brain imaging (MRI or CT scans) that occurred at least six months prior; 2) has cognitive function sufficient to understand the experiments and follow instructions (Mini-Mental Status Score of 22 or higher or interview for aphasic subjects); 3) has a motor power (MP) score 1/5 and 4/5 (neither hemiplegic nor fully recovered motor function in the muscles of the shoulder and elbow and wrist); 4) is naive in that he/she has never experienced robot-assisted therapy; 5) has given informed written consent to participate in the study. Patients are excluded from the study if they have a fixed contraction deformity in the affected limb. Trials commence only after baseline assessment across three consecutive evaluations, two weeks apart, shows a stable condition in motor impairment scales [Fugl-Meyer (F-M) and MP]. Patients qualified for robot therapy are randomly assigned to one of four groups 7 (see Fig. 8 ):
a) Six weeks of robot-delivered wrist therapy followed by six weeks of robot-delivered shoulder-and-elbow training (three times per week: 36 sessions total). b) Six weeks of shoulder-and-elbow training followed by six weeks of wrist training (three times/week: 36 sessions). c) Twelve weeks of alternating days of shoulder-and-elbow and wrist training (with at least 24 hours between alternations) using the planar and wrist robots in standalone mode (three times/week: 36 sessions). d) Twelve weeks of training with half of the day's session focusing on shoulder-and-elbow training and half of the session focusing on wrist training (three times/week: 36 sessions) using the planar and wrist robots in standalone mode. For the shoulder-and-elbow training, the patient is seated with the robot aligned with the patient's midline and the hand placed into a hand holder with fingers curled around a handle. A four-point seatbelt is tightened to minimize movement of the torso. Elbow support is provided during all training and evaluation procedures with the exception of force measurements. The elbow is supported at 40 flexion when resting on center target. The proximal-to-distal shoulder-and-elbow protocol consists of three batches of 320 "assisted-as-needed" point-to-point movements from a center to eight outbound targets distributed along a circle. The assistance is tuned based on patient's performance (for the description of the performance-based control algorithm see [40] ). Each assisted batch is preceded and succeeded by an unassisted game [18] .
For the wrist training, the patient is seated with the robot to his side and is secured at the hand, wrist, and above the elbow. The workstation is meant to fit the patient comfortably with around 20 of shoulder abduction and 30 of shoulder flexion. The forearm rests comfortably on a curved rest so that the ulnar styloid sits barely beyond the distal edge. The hand is secured to the handle in a comfortable composite flexion grip with the least restrictive support provided. Humeral and forearm supports are supplied to maintain snug support. A four-point seatbelt is tightened to minimize movement of the torso. As with the shoulder-and-elbow protocol, the proximal-to-distal wrist protocol also consists of three batches of 320 "assisted-as-needed" point-to-point movements. Each assisted batch is preceded and succeeded by an unassisted game and the assistance is tuned based on patient's performance (see [40] for the description of the performance-based control algorithm). The first two assisted batches exercise wrist flexion/extension, abduction/adduction, and combination of these movements with eight outbound targets distributed around an ellipse with major axis of 60 (30 for flexion-extension each) and minor axis of 30 (15 for adduction/abduction each). The last assisted batch exercises exclusively pronation and supination (30 for pronation/supination each).
The first two groups (groups a and b) may answer the question posed earlier of whether harnessing the proximal shoulder-andelbow first limits the potential recovery of the more distal wrist. The other two groups (group c and d) were intended to provide further evidence that a model of motor learning might be used to guide a model of neuro-recovery. In particular, they are intended to test interference [41] .
A characteristic of motor learning is that two distinct tasks, trained in close temporal proximity, will interfere with each other; the performance gains obtained on the first task will be eroded or eliminated by training on the second task. The latter groups (c and d) allow us to test whether subjects training daily on both transport and manipulation concurrently achieve better outcomes than subjects training on the two tasks in alternate sessions. If we do not find that performance is degraded in the second group (group d), it will demonstrate either that this characteristic of motor learning is not shared by motor recovery, or that the effect is too subtle to be detected by the means we used. Conversely, if we find a degradation of performance, it will provide further evidence of a quantitatively measurable parallel between motor learning and motor recovery. Note that we are not attempting here to elucidate whether the mechanism of motor consolidation, if present, is due to time elapsed since training at a different task [41] or due to sleep [42] .
In addition to the 160 volunteers receiving robot training, we are enrolling 40 stroke survivors of Burke Rehabilitation Hospital's (White Plains, NY) outpatient clinic (first ten subjects per year, who consent to participate). This group receives only the standard care. We evaluate these outpatient clinic volunteers using the same clinical instruments as the robot-trained groups. Goals are twofold: first, to determine whether our self-selected highly motivated subjects enrolled in robot training are representative of the general stroke population receiving therapy at a rehabilitation hospital's outpatient clinic and, second, to compare improvement in the robot-trained subjects versus these outpatients receiving usual-care at Burke's outpatient clinic.
In this paper, we report results from the initial 36 subjects enrolled in groups a and b. Seventeen naive stroke outpatients with no previous exposure to robot therapy were enrolled in group a and have received six weeks of training on the wrist robot (three sessions/week) followed by six weeks of training on the planar robot (three sessions/week) at the Burke Rehabilitation Hospital, and 19 outpatients were enrolled in group b and received training in the reverse order. Of these initial 36 patients in groups a and b, the average age was 60.5 2 years old (mean sem, range 28-82) with the onset of the stroke occurring 2.35 0.31 years prior to enrollment (mean sem, range 0.88-7.97 years). Admission F-M score (max/66) for these 36 patients was 17.35 1.73 (mean sem) with a range in the three pretreatment evaluations of 4-38. Table III shows the results for the shoulder-and-elbow and wrist-and-fingers subcomponents of the UE FM and MP scale expanded to incorporate wrist muscle groups (max/90). We opted not to run any meaningful statistics until we complete recruitment for these two groups, which is expected by summer of 2007, but the results are quite promising. First, as in our previous trials with chronic stroke, we observed a drop in tone as measured by the modified Ashworth Scale (6.85 0.70 and 4.5 0.53 mean sem adm and disch, respectively) [43] . Second, while this protocol lasts longer than our past studies, it is encouraging to see improvements 20%-100% larger than our own past studies with a similar population 8 [24] [25] [26] . Preliminary analysis nevertheless suggests that the order of therapy focus on proximal followed by distal segments or vice-versa has no impact on total F-M change. F-M change in the 12 week program reduces patients' impairment by roughly 10% of the absolute scale (end-of-scale 66) for both groups. However, a more careful TABLE III  CLINICAL SCORES OF THE ONGOING STUDY   TABLE IV  SKILL TRANSFER OF THE ONGOING STUDY analysis appears to elucidate a more insightful view of the impact of order effect. Table IV shows the amount of skill transferred due to the shoulder and elbow training to the untrained wrist and vice-versa. Training the more distal wrist first appears to lead to a higher skill transfer to the more proximal segments than vice-versa. We speculate that perhaps the patient, albeit restrained, is also working very hard at the proximal segments. One must take this preliminary observation with the appropriate caveat as the study is still ongoing.
The first observation is that six weeks of training focused on a particular limb segment shows no indication that further potential of improvement in that particular limb is exhausted, as we did not hit any "plateau." Further improvement in that particular limb segment was observed in the subsequent six-week training period. Among naive outpatients, who had never experienced robot training, the improvement is on the order of 8%-9% on the trained limb segment when first experiencing robot training, and 11.5%-13% following total training. The second limb segment to be trained improved a total of 8.1%. The picture gets far more interesting upon analysis of generalization and skill transfer. Training of the more distal limb segments leads to twice as much carryover effect to the proximal segments than in the reverse order of training (see Table IV ). Furthermore, it appears that improvement in more distal segments continues significantly even without further training for that limb segment, as demonstrated by the larger improvement of the distal segment of outpatients while training the shoulder and elbow (group a). We expect that the four-month followup results will likely provide an even richer insight as will the robot-based measurements.
IV. CONCLUSION
The development and success of MIT-MANUS as a robotic aid for neuro-rehabilitation has prompted the development of new robotic devices targeting motions often affected by stroke. This paper provides an overview of the transition of the wrist robot from its design to its implementation as a clinical device. The wrist robot is capable of providing continuous passive motion, strength, sensory, and sensorimotor training for the wrist. In its final form, this device will offer insights into human motor control and human learning, as well as the potential for customizable, adaptive, and rigorously quantified therapy in solo operation or mounted at the tip of the planar MIT-MANUS.
Of notice in this initial clinical application employing both the shoulder and elbow robot and the wrist robot, we observed improvement of the order of 10% in a 12-week program of 36 sessions. This kind of improvement in persons with severe to very-severe chronic impairment (mean F-M at admission 17. 35 1.73) due to stroke is remarkable and very promising. These clinical changes far exceed the minimum impairment change of three points in the F-M, which appears to be necessary to achieve significant functional changes [44] .
